Introduction intracellular domains of all vertebrate classic cadherins are structurally highly conserved, with which two Directed outgrowth of axons is fundamental to establish classes of cytoplasmic molecules, ␣-and ␤-catenins, the initial formation of neuronal connections. Axons are interact (McCrea et al., 1991; Nagafuchi et al., 1991 ; guided either by contact-mediated mechanisms or by Hirano et al., 1992) . This molecular assembly is essential diffusible substances. In the contact-mediated mechafor the cadherin to exert its cell-cell adhesion activity nisms, guidance signals can be transmitted, for exam- (Hirano et al., 1992; Kawanishi et al., 1994 ; Oyama et ple, through direct contacts between the growth cone al., 1995). and the surface of guidepost cells or preexisting pioneer DE-cadherin was the first classic-type cadherin to be axons (reviewed by Keynes and Cook, 1995; isolated from the invertebrates, and was shown to asso-1996; Tessier-Lavigne and . Numerous ciate with the Drosophila catenin homologs D␣-catenin cell surface molecules have been postulated or sugand Armadillo (␤-catenin) (Oda et al., 1994 ; Cox et al., gested to play roles in axonal guidance or outgrowth.
1996; Pai et al., 1996) . DE-cadherin is predominantly For example, several molecules, which belong to the expressed by epithelial tissues in embryos (Oda et al., immunoglobulin (Ig) superfamily, have been shown to 1994; Tepass et al., 1996) . Analyses of the DE-cadbe critical for axon guidance. The homophilic adhesion herin zygotic mutant shotgun (shg) showed that molecule fasciclin II, related to N-CAM, is essential for DE-cadherin is critically required for dynamic epithelial selective axon fasciculation (Grenningloh et al., 1991;  rearrangements during embryogenesis (Tanaka-MataLin et al., 1994) . Ig-like domains have been found in katsu et al., 1996; Tepass et al., 1996 ; Uemura et al., other guidance molecules, including Irregular chiasm 1996) . Two other molecules of the Drosophila cadherin C-roughest (Schneider et al., 1995) and a potential netrin superfamily were reported: a tumor suppressor, Fat (Mahoney et al., 1991) , and Dachsous (Clark et al., 1995 in the nervous system. DE-cadherin is expressed in the embryonic nervous system, but its expression is limited means. To collect information about sequences conserved among insect cadherins, we partially determined to midline glial cells of the central nervous system (CNS) and also to adherens junctions between sensory denstructures of cDNA clones of two Bombyx cadherins; those data were then incorporated to refine our primer drites and their accessory cells in the periphery (Oda et al., 1994; H. Oda and T. U., unpublished data) .
design (see details in Experimental Procedures). By using one pair of new primers, we successfully isolated Loss of zygotically expressed DE-cadherin was shown to result in a great reduction of catenins in the cDNA of an intracellular portion of a novel Drosophila cadherin. In addition to these approaches, we perepithelia; however, the axons remained enriched in catenins (Tepass et al., 1996; Uemura et al., 1996) . This formed another polymerase chain reaction (PCR) with primers that match consensus sequences of the extrawas strongly indicative of the presence of distinct cadherins in axonal membranes. We searched for such cellular cadherin repeat. A combination of both strategies led us to isolate cDNA clones that covered the cadherins and identified DN-cadherin as the major axonal cadherin. Then we isolated strong and weak lossentire open reading frame of the novel gene. Subsequent studies of its expression pattern and mutants suggested of-function mutations of the DN-cadherin gene and studied their phenotypes, focusing on formation of sevthat this gene encodes a major cadherin molecule expressed by neurons. Therefore, we designated this moleral distinct axon fascicles in strong embryonic lethal alleles. Our investigation revealed various defects in ecule as DN-cadherin (Drosophila neuronal cadherin). The predicted translational product had 3097 amino axon fascicle formation in the mutants, providing novel genetic evidence at the whole-animal level of roles for acids. This enormous size is primarily due to the presence of 15 cadherin repeats in the extracellular region the cadherin family in axon patterning.
(CR1-CR15, Figures 1A and 1B , two cysteine-rich domains (C-rich1 and C-rich2), a laminin A globular domain (LmA-G), a membranespanning segment, and a cytoplasmic domain (CP). Bars close to the amino termini show signal peptides (SP). Indicated are percent amino acid identities between individual subdomains. Note that the drawn vertebrate molecule represents the mature form, whereas DE-and DNcadherins are the entire translational products. CR0 of DE-cadherin was speculated to be cleaved off at the site indicated by the triangle (Oda et al., 1994) . In contrast, it is difficult to predict the amino terminus of the mature form of DN-cadherin. A hypothetical internal cleavage site is indicated by the thick arrow, which would produce the N-terminal 200 kDa and the C-terminal 120 kDa fragments (see Figure 2A ). The definition of CR and another definition of structural reiteration, EC, are described by Takeichi (1991 Takeichi ( , 1995 box, comprising 170 amino acids, was defined as such precursor and that the smaller one represents the mature form generated by proteolytic digestion of the other. because database searches with its sequences identified only the comparable region of DE-cadherin as a This assumption was corroborated by isolation of a mutation that accumulated the larger form, as described relative. The whole DN-cadherin LmA-G displayed 25% sequence identity to mouse laminin A (Sasaki et al., later.
Besides the above high molecular weight forms, DN-1988) and to the presynaptic transmembrane protein neurexin (Ushkaryov et al., 1992) .
Ex detected a major 200 kDa molecule, and DN-In labeled an intense 120 kDa band. We can explain the In contrast to the extracellular region, the DN-cadherin cytoplasmic domain was much more similar to those production of these two fragments by postulating that the mature form is cleaved into an N-terminal 200 kDa domains of DE-cadherin and vertebrate classic cadherins with respect to both size and sequence. The intraceland a C-terminal 120 kDa fragment at around the site indicated by the arrow in Figure 1A . In this hypothesis, lular domains of the two Drosophila cadherins and mouse N-cadherin ranged between 157 and 160 amino the 200 kDa form is derived only from the extracellular domain, which was supported by our observation that acids in length, and had 37%-46% sequence identity in any combination among them ( Figure 1C) . Nevertheless, the 200 kDa band was still present in a DN-cadherin mutant strain that had a nonsense mutation at a proximal the degree of the sequence conservation between the two Drosophila cadherins (41% identity) was lower than position in the extracellular domain (explained later in Figure 4 ), while the 120 kDa was missing. Upon immunothe 63% identity between N-and E-cadherin in the same vertebrate species, for example, mice (Nagafuchi et al., precipitation of D␣-catenin, not only the mature form and the 120 kDa fragment but also the 200 kDa form 1987; Miyatani et al., 1989) .
were coprecipitated with D␣-catenin. Furthermore, the 200 kDa molecule was detected in S2 transfectants even Characterization of DN-cadherin as a Classic Cadherin Type of Adhesion Molecule after extensive washing, suggesting that it is not soluble but associated with cell surfaces. The 200 kDa molecule We raised antibodies to the extracellular domain and to the cytoplasmic region of DN-cadherin and desigmay bind to an intact DN-cadherin, forming a strand dimer whose presence was predicted by three-dimennated them as DN-Ex and DN-In, respectively. These antibodies specifically recognized multiple DN-cadherin sional analyses of N-and E-cadherins (Shapiro et al., 1995; Nagar et al., 1996) . Further characterization of the polypeptides in lysates of whole embryos or S2 cells transfected with a DN-cadherin cDNA construct ( Figure  200 kDa and 120 kDa bands remains to be done. Immunoprecipitation of DN-cadherin showed that it 2A). Both DN-Ex and DN-In recognized a pair of bands of roughly 300 kDa (arrow and triangle in Figure 2A ), of binds not only to D␣-catenin but also to ␤-catenin/Armadillo (Arm) ( Figure 2B ). Alternative splicing generates which the upper band was always faint. When D␣-catenin was immunoprecipitated, the smaller band was two Arm isoforms: the 105 kDa ubiquitous form and the 82 kDa neural form (Loureiro and Peifer, personal comeasily detected in the precipitated fraction, but the other was not. Hence, we assume that the larger band is the munication). DN-cadherin associated predominantly Figure 4C ). This result provided an exact form aggregate ( Figure 2C ). The activity of DN-cadherin contrast to the preferential reduction of the 105 kDa was comparable to that of DE-cadherin, as the aggreubiquitous form in the DE-cadherin mutant (Uemura et gate formation was detectable within 5 min once our al. , 1996) . Previous studies of cell lines show that cateassay was started. All of these findings suggest that nins are unstable in the absence of cadherins (Nagafuchi DN-cadherin is functionally homologous to vertebrate et al., 1991, 1994) ; thus, our results strongly suggest classic cadherins, although it has unique features in its that most if not all axonal catenins associate with DNextracellular structure.
cadherin in the wild type.
DN-cadherin Expression in Embryonic
Mesoderm and Nervous System DN-cadherin Is Encoded by l(2)36Da DN-cadherin expression was analyzed at both mRNA
We cytologically assigned the DN-cadherin gene to and protein levels. Its mRNA signals were first seen bands 36C/D of the second chromosome. This region within nuclei of presumptive mesodermal cells prior to was previously saturated for loci essential for viability gastrulation at stage 5 ( Figures 3A-3C ). mRNA transport or female fertility (Steward and Nü sslein-Volhard, 1986) . to the cytoplasm started at around stage 6-7, and the Df(2L)TW119 (Df) was the shortest chromosomal delemessengers became distributed throughout the cytotion that uncovers the DN-cadherin gene. We further plasm by stage 8 ( Figure 3D ). DN-cadherin protein first narrowed down this deficiency and placed the gene appeared at intercellular contacts in the mesoderm at in the interval where only l(2)36Da was located. The stage 9, and then the protein was detected at boundaries following results led us to conclude that l(2)36Da enof mesodermally derived cells including myoblasts (Fig- codes DN-cadherin: First, we found that all of the preure 3E) and myotubes ( Figure 3F ); however, it was not viously isolated six l(2)36Da alleles exhibited abnormal found in cardiac cells that initiate transcription of the staining patterns for DN-cadherin ( Figure 4A ). In em-DE-cadherin gene at stage 13 (Tepass et al., 1996; bryos homozygous for five individual alleles, numbered Oda and T. U., unpublished data). DN-cadherin also M6, M19, M23, M33, and F15, immunoreactivity was appeared in developing neural cells, presumably at their greatly reduced or below the level of our detection. In the postmitotic stage, and subsequently its protein was acremaining one allele l(2)36Da
M12
, DN-cadherin molecules cumulated in axons in the entire CNS (Figures 3E and were mislocalized; those mutant embryos gave perinu-3F). At the subcellular level, neuronal processes includclear staining, and their axons were almost devoid of ing growth cones were labeled ( Figure 3G ). In third instar the signals. Second, in two alleles examined, l(2)36Da M19 larvae, DN-cadherin was expressed in CNS neuropil, and l(2)36Da
, we identified a nonsense and a misphotoreceptor axons, and precursors of adult muscles sense mutation, respectively, in the DN-cadherin gene (data not shown). It is noteworthy that gastrulation and ( Figure 4B ). Finally, CNS phenotypes in the l(2)36Da muneurulation were shown to coincide with a switch of tants could be rescued by DN-cadherin cDNA exprescadherin expression from DE-to DN-cadherin (Oda et sion ( Figure 4A , described later). al., 1994; Tepass et al., 1996; H. Oda and T. U., unpub- Of the five alleles that afforded weak staining for lished data).
DN-cadherin, l(2)36Da
M19 and l(2)36Da M23 gave the most Whether glial cells express DN-cadherin was difficult penetrant phenotypes, and the former was chosen for to address in the wild-type CNS, as they represent only further studies. The nearly protein-null condition in 10% of the total CNS cells ( Figure 3H ). As an alternative l(2)36Da M19 was confirmed by Western blot analysis (Figapproach, we investigated embryos in which most neuure 4C). The l(2)36Da M19 homozygous embryos produced rons were transformed into glial cells by ectopic expresa trace of the 200 kDa fragment, but neither the mature sion of glial cell missing (Hosoya et al., 1995; Jones et form nor the 120 kDa fragment was detectable. This al., 1995). Under this genetic condition, DN-cadherinresult is consistent with the nonsense mutation that expressing cells were negative for the glial marker REPO caused truncation at a proximal position of the extra- (Campbell et al., 1994; Xiong et al., 1994; Halter et al., cellular domain ( Figure 4B ). Furthermore, l(2)36Da M19 /Df 1995) ( Figure 3I ) but positive for neuronal markers (data embryos and Df homozygotes showed similar severity in not shown). Therefore, we assume that glial cells do not axonal defects (data not shown). Therefore, l(2)36Da
M19
express DN-cadherin in the wild-type situation either. appeared to be a complete loss-of-function mutant. The DN-cadherin seems to be the major cadherin that asl(2)36Da
/Df embryos failed to hatch. l(2)36Da M12 was sembles catenins in axons. This view is based on the a hypomorphic mutation, as l(2)36Da M12 /Df and following observation: As described below, we isolated l(2)36Da M12 /(2)36Da M19 mutant animals survived to the mutants that produced only a small amount of DN-cadadult stage. Notably, these mutant adults exhibited herin protein. D␣-catenin expression was compared strongly uncoordinated or reduced locomotion. The between these mutant and wild-type embryos. Intense l(2)36Da M12 mutation seems to affect protein maturation, D␣-catenin signals were detected in the wild-type axon as this mutant contained more precursors than the matract (Oda et al., 1993;  Figure 3J ), whereas the axonal ture form, which is the opposite of the case for the expression was greatly down-regulated in the mutants, wild type (data not shown). Probably because of less although neuronal cell bodies retained a low level of susceptibility to the proteolytic maturation, the mutant D␣-catenin signals ( Figure 3K ). On the other hand, D␣-polypeptides were not properly sorted out through the catenin was normally present in midline glial cells and secretory pathway, and neither were they transported epithelia that synthesize DE-cadherin, even in these mutants. Consistently, Western analysis revealed that the into axons ( Figure 4A ; Hammond and Helenius, 1994). 
Fasciclin II-Expressing Tracts are Deformed
the cell body regions. However, significant phenotypes were observed when we focused on the subsets of neuin the Mutants We investigated developing nervous systems of rons expressing either Fasciclin II (Fas II; Grenningloh et al., 1991) or apterous (Lundgren et al., 1995) .
M19 /Df embryos by use of markers to label all or restricted populations of neurons. Overall neuronal Anti-Fas II antibody labels four neurons that pioneer the first two longitudinal axon pathways, vMP2 and MP1 staining allowed us to detect subtle phenotypic differences; the mutant axon scaffold was slightly less com- (Goodman and Doe, 1993; Lin et al., 1994) . Loss of DNcadherin did not appear to perturb the pathfinding of pact in the transverse direction, and intersegmental longitudinal connectives were thinner than the normal ones the pioneers at stages 12 and 13, as the pioneer growth cones normally navigated and the vMP2 pathway was (Figures 6E and 6F) . No adhesive defect was apparent in Note that Df and M19 display preferential decreases in the level of the neuronal Arm isoform (82 kDa) in contrast to their normal expression of the ubiquitous form (105 kDa). In each lane, proteins equivalent to ‫01ف‬ embryos (24-28 hr) were loaded onto the gels, and DE-cadherin (150 kDa) levels were similar. generated as in the wild type ( Figure 5A ). Staining with interrupted (3.4 breaks per embryo; n ϭ 29), and the disconnected terminals were often swollen and/or had another marker 22C10 (Fujita et al., 1982; Seeger et al., 1993) confirmed normal outgrowth of the vMP2 and MP1 turned laterally (yellow arrows in Figure 5G ). The bundles locally bifurcated (arrowheads in Figure 5G ), which repaxons at this stage. At stage 14 when follower neurons begin Fas II expression and join the pioneer tracts, three resents either defasciculation or abnormal fusion. Even when the bundles were not broken, the width of each classes of pattern alteration were recognized ( Figures  5B and 5C ). First, in normal embryos, the vMP2 tract is path was more irregular than in the wild type, and the three longitudinal routes did not always run in parallel. constricted toward the midline in a segmentally repeated fashion, whereas the mutant route waved to a
The above phenotypes at late stages 14 and 16 make several explanations possible, such as reduced or allesser extent. Moreover, local associations between the vMP2 and MP1 fascicles were diminished in the mutered interaction between fascicles, and stall or misorientation of growth cones. However, because of a numtants. Second, one commissural axon fascicle periodically detected in each segment stained more intensely ber of Fas II-expressing follower axons, we could not obtain enough resolution to verify these possibilities. in the mutants than in the wild type (arrowhead in Figures  5B and 5C ), implying that more axons joined the mutant fascicle. Third, the MP1 pathway sometimes looked disPatterning of apterous-Expressing Axons Is Impaired in the Mutants continuous (1.6 breaks per embryo; n ϭ 18), as marked with asterisks in Figure 5C . These results are illustrated
The LIM homeodomain transcription factor Apterous (Ap) is expressed in only three interneurons per abdomiin Figures 5D and 5E .
Irregular patterns became more conspicuous at late nal hemisegment, and the fascicle of their ipsilaterally projecting axons can be monitored with a tau-lacZ stage 16 when Fas II-positive axons were assembling into three longitudinal bundles (Figures 5F and 5G) . Octransgene driven by an ap cis element (Lundgren et al., 1995) . The ap axons first extend medially, then their casionally, the two more laterally located pathways were growth cones make right-angled turns and grow in an reached adjacent anterior segments and navigated along the most medial path. However, they could not anterior direction ( Figures 6A and 6C) . Subsequently, the transverse portion of each ap axon starts a medial immediately fasciculate with the misrouted axons of counterpart neurons in those anterior segments. Beshift, and its turning point reaches the most medial surface of the longitudinal axon tracts (Figures 6A and 6E) .
sides the block of the medial shift, the mutants showed increased errors in axon bundling between ventral and In the DN-cadherin mutant, the initial outgrowth and turning of the ap axons looked normal ( Figure 6D ). Howdorsal ap cells (22% of 153 mutant hemisegments; Figure 7) . The dorsal axon and the ventral axons sometimes ever, after the turn, the mutant fascicles took oblique trajectories in contrast to the parallel pathways in normal failed to join ( Figures 7B-7D) ; this failure of fasciculation was occasionally accompanied by misorientation of embryos ( Figures 6F, 6H , and 6I). This pattern defect was due to impaired position shift of the transverse growth cones ( Figure 7D ). Such defective bundling as shown in Figures 7B-7D was rarely seen in the wild segments of the ap axons; in the mutants, their turning points remained at the original coordinates in the axon type (3% of 307 hemisegments). Without the fascicle formation, the mutant growth cones appeared to conscaffold (yellow arrows in Figures 6F, 6H , and 6I). Nevertheless, the growth cone extended toward its canonical tinue navigation (white arrows in Figure 6H ), indicating that the bundling was not an absolute prerequisite for path, that is, the medial boundary of the longitudinal connectives. Consequently, the mutant axons drew arcs further axon outgrowth. Except for the phenotypes described above, we did or ran obliquely. This angled extension was observed in 72% of 156 mutant abdominal hemisegments (A1-A7) not detect obvious malformation in the central and peripheral nervous systems or in mesodermally derived at stage 16 and in only 2% of 211 wild-type hemisegments. We could rescue this phenotype at least in part tissues with the molecular markers employed. For example, fasciclin III-or eagle-positive axons extended conby expressing DN-cadherin cDNA in the mutant nervous system by use of GAL4 driver strains, for example, tralaterally as in the wild type (Patel et al., 1987; Higashijima et al., 1996) . No misrouting and defasciculation of panneural Sca-GAL4 (Klaes et al., 1994) (see Experimental Procedures). The Sca-GAL4-induced expression demotor and sensory axons was found by staining with Fas II and 22C10, respectively. Staining of mutants with creased the penetrance of the mutant phenotype to 15%. Similarly, the malformation of the Fas II fascicles anti-REPO showed normal glial patterns. Finally, generation of muscles and mesodermally derived glia (Edwas remedied by the cDNA expression in the mutants (data not shown).
wards et al., 1993) was apparently unaffected, as shown by use of twist-lacZ as a marker (Thisse and Thisse, 1992). Most of the mutant growth cones of the ap neurons 
Discussion
box, C-rich region, and a laminin A globular domain. It remains to be investigated how crucial these domains are for functions of these molecules and whether such DN-cadherin Is the Major Classic-Type Cadherin in Axons sequences are universal to the other cadherins in the arthropods or in other invertebrates. We isolated a novel Drosophila cadherin, DN-cadherin. In the Drosophila cadherin superfamily, DN-cadherin is Cadherin expression changes from the DE-to the DN-subclass during gastrulation and neurulation. These the first member that is broadly expressed in the nervous system and the mesoderm. Compared with the verteexpression profiles are reminiscent of switching from E-to N-cadherin in equivalent morphogenetic events in brate classic cadherins, the DN-cadherin extracellular region is unusual with respect to its entire size, domain vertebrate embryos (Hatta and Takeichi, 1986; Hatta et al., 1987; Dusband et al., 1988; Radice et al., 1997) . structures, and the number of cadherin repeats. Nevertheless, we provided three lines of evidence that Ectopic expression of N-cadherin in the Xenopus embryo induces various histological abnormalities, suggesting DN-cadherin is homologous to vertebrate classic cadherins in the sense of local structure or molecular functhat precise quantitative and qualitative regulation of N-cadherin is essential for embryonic morphogenesis tion: First, we found significant similarity in its intracellular sequences to those that are conserved among the (Detrick et al., 1990; Fujimori et al., 1990 (Lundgren et al., 1995) , and tracking of their migratory axons provided us insight into how loss of DN-cadherin influences axon patterning. In the DNcadherin mutants, the most penetrant phenotype was that the ap axons could not carry out medial position shifting, suggesting an important role of this molecule in reorganization of axon fascicles. One possible explanation of this phenotype is as follows: In normal development, a group of medially located longitudinal axons initiates tight fascicle formation through DN-cadherinmediated contacts. The ap axons, as soon as they finish turning and start anterior navigation, may be dragged into that bundling, which leads to the medial movement of the transverse segment of the ap axons. Hence, without DN-cadherin, the transverse segment would be left behind at a lateral position. Because of the broad neu- al., 1996; Tepass et al., 1996; Uemura et al., 1996) . Thus, the results of genetic analysis of both DN-and DEcadherins emphasize that dynamic cellular reorganizadata; reviewed by Redies, 1995; Redies and Takeichi, tion critically depends on the action of the cadherin cell 1996). Strong down-regulation of catenins in DN-cadadhesion system. herin mutants suggests that DN-cadherin is the major It was demonstrated that ap function is required for classic-type cadherin expressed in axons, but this does controlling neuronal pathway selection of the apnot rule out the possibility that subsets of axon fascicles expressing cells; in 90% of segments of ap loss-ofexpress other unidentified cadherins. In the course of function mutants, the ap neurons elongate their axons cloning the DN-cadherin gene, we identified three other along inappropriate pathways, and these axons fail to novel genes of the cadherin superfamily (see Experimenfasciculate (Lundgren et al., 1995) . Because Ap likely tal Procedures), and we are currently studying their exacts as a transcriptional regulator, it is speculated that pression patterns and molecular structures.
Ap controls expression of cell surface receptors mediating specific recognition between the ap axons. Loss of Processes of Axon Patterning That Critically ubiquitously expressed DN-cadherin also led to errors Depend on DN-cadherin in fasciculation and directional guidance, although the The overall configuration of axon tracts was slightly dispenetrance was lower and the phenotypes were milder torted by the null mutation of the DN-cadherin gene.
than those in the ap mutant. A similar case was found Aberrant patterns of axon trajectories were observable in Fas II-positive bundle formation. Absence of Fas II when we focused on the subsets of neurons that exprevents the axons within the MP1 or the FN3 pathway pressed either fasciclin II (Fas II; Lin et al., 1994) or from selectively adhering to one another, leading to draapterous (ap; Lundgren et al., 1995) . Initial axon elongamatic defasciculation (Lin et al., 1994) ; in the DN-cadtion of Fas II-expressing pioneer neurons was unafherin mutant, less severe phenotypes of altered fascicufected, but outgrowth patterns became deformed after lation were observed. We take these results to indicate many follower axons joined the pioneer tracts. The DNthat cell type-specific recognition molecules make a cadherin mutants at late stage 16 displayed discontinuprimary contribution to selective fascicle formation and ous or derailed axon bundles, which suggest stall or that generally present DN-cadherin facilitates the acmisorientation of growth cones. Although verification of complishment of this formation with high fidelity. In our interpretation awaits identification and labeling of a generation and repatterning of individual fascicles, the subpopulation, or ideally of a single cell, of the Fas extent of the phenotypes induced by the loss of DN-II-positive follower neurons, the above phenotypes indicadherin may not be disastrous in itself; however, such cate that the pathfinding of the followers is regulated defects, if accumulated in various neuronal circuits, might result in the embryonic lethality. by cadherin-dependent contact with preexisting axons. lar boundaries in the mesoderm besides in the nervous system, it is unlikely that the axonal phenotypes in the cDNA clones that hybridized with the 150 bp fragments were DN-cadherin mutant were secondary consequences of recovered from the same library. Subsequent cross-hybridization its depletion in the mesoderm. This is because there analyses showed that isolated clones were derived from at least six loci: fat (Mahoney et al., 1991) , dachsous (Clark et al., 1995) , and four were no apparent morphological defects in mesodermal novel genes. One clone of these novel genes, H4.5, gave expression tissues and because the mutant phenotypes were respatterns that were indistinguishable from those of AH2.8 in developcued by DN-cadherin cDNA expression in the nervous mental Northern blots and embryonic RNA in situ hybridization. This system. Most likely, DN-cadherin plays a direct role in strongly suggested that H4.5 included the extracellular portion of axon-axon interactions, as it is abundant in axons and and, in fact, H4.5 Colman, 1996; Uchida et al., 1996) . As interneuronal those in CR7.
synapses are well characterized in the adult nervous system in Drosophila (Meinertzhagen and O'Neil, 1991;  Cell Culture and cDNA Transfection Hoshino et al., 1996; Sone et al., 1997) , it will be interestFor expression of DN-cadherin in S2 cells, an inducible expression ing to explore the subcellular localization of DN-cadherin plasmid was constructed as follows: A NotI site was created at the and catenins at the ultrastructural level in future studies.
position of an EcoRI site of pRmHa3 (Bunch et al., 1988) . Then the 9.3 kb CR7 clone #6 was inserted into this modified pRmHa3 (pRmHa3Ј). The resultant plasmid, pRmHa3Ј-DN, was transfected Experimental Procedures into S2 cells by the calcium phosphate precipitation method (Nagafuchi et al., 1987) . Induction of cadherin expression in S2 cells and PCR and cDNA Cloning The following primers were used to amplify cDNA of cadherin cytocell aggregation assay were as described previously (Oda et al., 1994) except that the cells were resuspended in Schneider's medium plasmic regions (corresponding amino acid sequences are shown in parentheses):
(GIBCO-BRL) supplemented with 10% fetal bovine serum. ments with pRmHa3-DECH (Oda et al., 1994) , stable transfectants synthesizing DE-cadherin were reproducibly isolated. We amplified cDNA fragments of Bombyx cadherin-1, Bombyx cadherin-2, and DN-cadherin with primer combinations of CP1-CP2, CP3-CP2, and CP3-CP4, respectively. The template used in each Antibodies to Drosophila Cadherins and Catenins To produce DN-cadherin fusion proteins in E. coli, we subcloned PCR was a cDNA library from Bombyx embryos (made in Y. Suzuki's laboratory), Bombyx larval brains (made by M. Iwami), or Drosophila cDNA fragments that covered an extracellular portion (CR2-CR8) and the whole cytoplasmic domain into pGEX-1T (Pharmacia) and adult heads (made in L. and Y. N. Jans' laboratory). We sequenced 18 clones amplified with CP3 and CP4, and all were derived from pGEMEX-1 (Promega), respectively. Inclusion bodies of each fusion protein were prepared, mixed with RIBI adjuvant, and used to generthe DN-cadherin gene. Then the head library was screened with these clones, and a 2.8 kb cDNA (AH2.8), which contained the entire ate rat antisera and monoclonal antibodies. Monoclonal antibodies DN-Ex3, -Ex4, -Ex8, -Ex13, and -Ex14 recognized the extracellular intracellular domain of DN-cadherin, was isolated.
Fragments (150 bp) within extracellular cadherin repeats were region, whereas DN-In bound to the intracellular domain. Culture supernatants were used for subsequent experiments. Specificities amplified from a Drosophila embryo cDNA library (Zinn et al., 1988) with the following two primers:
of the antisera, DN-Ex and DN-IN, were verified by immunostaining and/or Western blot analyses of homozygous Df(2L)TW119 em-22C10 (Fujita et al., 1982) , anti-HRP (Jan and Jan, 1982; Cappel) , and rabbit anti-␤-galactosidase (Cappel). Signals were detected by bryos. DN-In cross-reacted with an unknown molecule(s) at cell-cell boundaries in the epidermis, but only at embryonic stage 17. Westperoxidase reactions visualized with an ABC Elite kit (Vectastain) or by fluorescence labeling. A combination of FITC and TexasRed ern analyses and immunoprecipitation were done as described previously (Oda et al., 1993 (Oda et al., , 1994 Uemura et al., 1996) , and DN-cadherin was usually employed for double labeling, and embryos were viewed with a Zeiss or Biorad laser scanning confocal microscope. For was detected in 5% polyacrylamide gel. Immunoprecipitation of DN-cadherin/catenin complexes (Figure 2) was performed with the detection of apC-tau-lacZ (Lundgren et al., 1995) , fixed embryos were incubated with the anti-␤-galactosidase, biotinylated anti-rabantiserum to the intracellular domain. We previously characterized the rat antibodies to DE-cadherin (DCAD1 for Western analysis and bit IgG (Amersham), and finally Cy3-conjugated streptavidin (Jackson). DCAD2 for immunoprecipitation and immunohistochemistry) and D␣-catenin (DCAT1) (Oda et al., 1993 (Oda et al., , 1994 .
Clark, H.F., Brentrup, D., Schneitz, K., Bieber, A., Goodman, C., Sequence Analyses of l(2)36Da Alleles Poly(A) ϩ RNA was recovered from l(2)36Da M12 /Df(2L)TW119 adults and Noll, M. (1995) . Dachsous encodes a member of the cadherin superfamily that controls imaginal disc morphogenesis in Drosophor l(2)36Da M19 homozygous embryos by use of a QuickPrep Micro mRNA Purification Kit (Pharmacia Biotech). First strands of cDNA ila. Genes Dev. 9, 1530-1542. were made with Ready-To-Go Beads (Pharmacia Biotech) and diCox, R.T., Kirkpatrick, C., and Peifer, M. (1996) . Armadillo is required rectly used for PCR amplification of mutant DN-cadherin cDNA with for adherens junction assembly, cell polarity, and morphogenesis Pfu polymerase (Stratagene). To cover the entire open reading during Drosophila embryogenesis. J. Cell Biol. 134, 133-148. frame, we employed 11 primer pairs; individual primer sets were Detrick, R.J., Dickey, D., and Kintner, C. (1990) . The effects of designed to amplify 0.8-1.3 kb cDNA. Mutant sequences of both N-cadherin misexpression on morphogenesis in Xenopus embryos. strands were determined by use of fluorescently labeled primers Neuron 4, 493-506. and electrophoresis in a DNA sequencer (Aroka). Base substitutions Doherty, P., and Walsh, F.S. (1996) . CAM-FGF receptor interactions: in the mutants were confirmed in multiple cDNA clones amplified a model for axonal growth. Mol. Cell. Neurosci. 8, 99-111. with two different pairs of primers.
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